During extinction animals experience that the previously learned association between a conditioned stimulus (CS) and an unconditioned stimulus (US) no longer holds true. Accordingly, the conditioned response (CR) to the CS decreases. This decrease of the CR can be reversed by presentation of the US alone following extinction, a phenomenon termed reinstatement. Reinstatement and two additional phenomena, spontaneous recovery and renewal, indicate that the original CS-US association is not lost through extinction but can be reactivated through different processes. In honeybees (Apis mellifera), spontaneous recovery, i.e., the time-dependent return of the CR, has been demonstrated, suggesting that also in these insects the original CS -US association is not lost during extinction. To support this notion, we ask whether honeybees show reinstatement after extinction. In vertebrates reinstatement is context-dependent, so we examined whether the same holds true for honeybees. We demonstrate reinstatement in restrained honeybees and show that reinstatement is context-dependent. Furthermore, we show that an alteration of the color of light illuminating the experimental setup suffices to indicate a contextual change. We conclude that in honeybees the initially formed CS-US memory is not lost after extinction. Rather, honeybees might learn about the context during extinction. This enables them to adequately retrieve one of the two opposing memories about the CS that have been formed after extinction.
In classical conditioning an animal learns to associate an initially meaningless conditioned stimulus (CS) with an unconditioned stimulus (US). After a CS-US association has been formed the animal responds with a conditioned response (CR) to the CS alone. Further CS presentations without a subsequent US lead to a reduction of responses to the CS, which is termed extinction (e.g., Myers and Davis 2002) . During extinction the animal learns that the CS is no longer associated with the US.
The current view is that extinction learning does not destroy the original CS-US association (Bouton 2004) . Rather, a new CS-noUS association is learned, leaving the original CS-US association intact (Bouton 2004) . This view is based on the observation of three behavioral phenomena in conjunction with extinction. The occurrence of these phenomena, namely, spontaneous recovery, renewal, and reinstatement, reveals a time-or context-dependent reappearance of the CR after extinction (Myers and Davis 2002) , indicating that the original CS -US association is not lost during extinction but can be reactivated through different processes (Bouton 2004) . Accordingly, after extinction two memories about the association of the CS with the US are formed, i.e., a CS-US memory and a CS-noUS memory, resulting in an "ambiguous meaning of the CS" (Bouton et al. 2006) . It is still rather unclear how these two memories are organized and under which circumstances each memory can be retrieved.
In the honeybee (Apis mellifera), an invertebrate model of learning and memory, spontaneous recovery has been described as an extinction-related phenomenon (Sandoz and Pham-Delegue 2004; Stollhoff et al. 2005) . This finding supports the idea that also in honeybees the original CS -US association is not lost through extinction, but reappears over time. The occurrence of renewal and reinstatement would support this notion, but neither of these phenomena has been described in the honeybee so far. Therefore, in this study we aim to demonstrate reinstatement in honeybees. Because it is known that the context plays a key role in reinstatement (Bouton and Bolles 1979; Westbrook et al. 2002) , we focus on the question of whether reinstatement in honeybees is context-dependent.
Extinction learning and its underlying mechanisms are studied in honeybees in a classical appetitive conditioning paradigm, the olfactory conditioning of the proboscis extension response (PER) (Takeda 1961; Bitterman et al. 1983; Giurfa and Sandoz 2012) . In this paradigm extinction is well characterized: After pairing an odor (CS) with a sucrose reward (US) honeybees learn the association between the CS and the US and form a memory about this association (Bitterman et al. 1983; Felsenberg et al. 2011) . Presentation of at least two CS trials alone on the day after conditioning leads to extinction learning and the formation of a consolidated extinction memory 1 d later (Stollhoff et al. 2005; Stollhoff and Eisenhardt 2009 ).
Here we demonstrate that reinstatement does indeed occur in honeybees and that, comparable to vertebrates, it is contextdependent. Furthermore, we show that the color of light serves as a learning context in honeybees. We discuss these findings in the framework of honeybee foraging behavior.
Results

Reinstatement in honeybees
Reinstatement is defined as the reappearance of the extinguished CR due to a presentation of the US between extinction and the retention test (Bouton 2004 ). The first experiment was designed to investigate whether a reinstatement effect could be demonstrated in honeybees, i.e., whether the decrease of the CR induced by extinction training can be reversed by a US presentation.
The experiment was designed such that acquisition, extinction, reinstatement, and the retention test were performed within a 6-h period. Acquisition consisted of one trial for all bees. Three hours later the bees were divided into two groups. The first group was subjected to extinction (E), while the second group was left undisturbed in the storage box and remained nonextinguished 1 These authors contributed equally to this work.
(NE). During extinction the animals received three CS presentations alone with an intertrial interval (ITI) of 10 min. After extinction the two groups (E and NE) were divided into four subgroups, two receiving a US presentation (E+ and NE+) 10 min after the last extinction trial and two that were left undisturbed (E2 and NE2). For all four subgroups (E+, E2, NE+, and NE2) a final memory test was conducted 2 h, 10 min later.
In both extinguished subgroups (E+, E2) within-session extinction between the first and third trial was statistically significant (McNemar; x 2 E+ ¼ 5.79; P , 0.05 and x 2 E2 ¼ 6.67; P , 0.05 df ¼ 1) (Fig. 1A ). In the extinguished subgroup receiving a subsequent US presentation (E+), 26% more bees responded in the final memory test than in the group that did not receive this US presentation (E2). This difference was statistically significant (G-test; G E+ vs. E2 ¼ 11.36; P , 0.01; df ¼ 1). No significant difference was observed between retention scores of the two nonextinguished subgroups (NE+ and NE2) even though one of these groups received a US presentation (NE+) and one did not (NE2) (G NE+ vs. NE2 ¼ 2.21; P . 0.01; df ¼ 1). These findings demonstrate that the delivery of the US following extinction reverses extinction, i.e., the decrease of the CR.
Furthermore, retention scores at the final memory test differed between the extinguished subgroup E2 and the nonextin-guished subgroup NE2 (G-test; G E2 vs. NE2 ¼ 14.26; P , 0.01; df ¼ 1), indicating effective extinction after three trials. No difference was observed between the extinguished subgroup receiving a US-only trial (E+) and the nonextinguished subgroups (NE+ or NE2) (G-test; G NE+ vs. E+ ¼ 3.56; P . 0.01; df ¼ 1; G-test; G NE -vs. E+ ¼ 0.18; P . 0.01; df ¼ 1). This demonstrates that the US presentation following extinction reinstates the retention scores to the level of animals that were not extinguished.
In a further analysis, only animals that did not respond in the third extinction trial were selected (Fig. 1B) . In the final memory test the proportion of animals from the extinguished subgroup E+ was determined, in which the CR was reestablished due to a presentation of the US after extinction. We termed this reestablishment of the CR "absolute reinstatement" (based on the term "absolute recovery") established by Sandoz and Pham-Delegue (2004) . In the retention test significantly more animals reestablished the CR in E+ compared with E2 (G-test; G E+ vs. E2 ¼ 7.44; P , 0.05; df ¼ 1).
Accordingly, the increase of CR observed in the first analysis was not merely caused by animals, which still responded at the third extinction trial and continued to respond at the final memory test, but also by animals showing absolute reinstatement.
In summary, this experiment revealed that one US trial alone presented after extinction induces reinstatement of the CR.
Reinstatement is not due to sensitization
Next we wanted to exclude that sensitization caused the reinstatement phenomenon observed above. Sensitization is defined as the increase of a behavioral response to a stimulus after the presentation of a strong meaningful stimulus (Thompson and Spencer 1966; Castellucci et al. 1970) , in this case the reward. We asked to what extent the US, i.e., the stimulation with sucrose, enhances the response to a subsequently presented odor. Two groups were run in parallel: One group was exposed to one US alone (US), the second group was left untreated and remained in the storage box (NT). The response to an odor was tested 2 h, 10 min after US delivery in both groups.
The responses to the odor of the naive group and the US-stimulated group were not significantly different (G-test; G US vs. NT ¼ 2.51; P . 0.05; df ¼ 1) (Fig. 2) . We therefore conclude that the US presentation in itself does not account for the increase of CR after the presentation of a US following extinction.
Reinstatement is context-dependent
In vertebrates reinstatement of an extinguished memory has been shown to be context-dependent (Bouton and Bolles 1979) . We Figure 1 . US presentation after extinction reinstates the CR. (A) All bees were trained with one acquisition trial (Acq). Three hours later, the groups E+ and E2 received three extinction trials (Ext 1 -Ext 3; ITI, 10 min), whereas the groups NE+ and NE2 did not receive any extinction trial. In E+ and E2, extinction over the three trials was significant (P , 0.05). Ten minutes after extinction, E+ and NE+ received one US presentation alone (indicated with an arrow), whereas NE2 and E2 were left untreated. Memory retention of all four subgroups was tested in the final memory test (Test). A significant difference between E+ and E2 was found (P , 0.01), indicating successful reinstatement. (B) Animals of the extinguished subgroups (E+, E2) which did not exhibit a CR at the last extinction trial were selected. In the final memory test the retention scores between these selected animals of both subgroups were significantly different. This difference indicates the proportion of reestablished CR that is caused by the US presentation in group E+ (absolute reinstatement) (P , 0.05). ( * ) Significant differences; (E) extinguished; (NE) nonextinguished; (+) US-only trial; (2) no US-only trial. Figure 2 . Reinstatement is not due to sensitization. At the beginning of the experiment, one US was presented to half of the bees (US) and the second half of the animals remained untreated (NT). Two hours and 10 min later, the response of both groups to odor presentation was tested (Test). No significant difference between the response scores of both groups was found. Thus, sensitization was not observed 2 h, 10 min after US presentation (P . 0.05). (Arrow) Time point of US stimulation. next tested whether reinstatement occurs in honeybees when the US presentation is conducted in a context that is different from the context encountered during acquisition and extinction. The overall design was based on the first experiment.
All bees received one acquisition trial and 3 h later three extinction trials (ITI , 10 min) in the experimental setup. Ten minutes after the last extinction trial, one group of bees received the US presentation alone in the same context, i.e., the experimental setup where acquisition and extinction took place (ES+). Another group of bees was transferred to a different context, i.e., a gray plastic box, where they received the US presentation (ED+). A third group remained untreated after the extinction (E2). All three groups were tested 2 h, 10 min later in the experimental setup where acquisition and extinction took place.
In all groups, the responses significantly decreased during extinction (McNemar; x 2 ES+ ¼ 5.26; P , 0.05, x 2 E2 ¼ 7.58; P , 0.05, x 2 ED+ ¼ 4.05; P , 0.05, df ¼ 1) (Fig. 3 ). The response scores in the final memory test did not differ significantly between the group that did not receive a US presentation (E2) and the group that received the US presentation in a different context (ED+) (G-test; G E2 vs. ED+ ¼ 0.05; P . 0.017; df ¼ 1). The response scores of bees that received a US presentation in the context of acquisition and extinction (ES+) were significantly higher compared with the ED+ group and the E2 group (G-test; G ES+ vs. E2 ¼ 9.12; P , 0.017, G ES+ vs. ED+ ¼ 7.77; P , 0.017, df ¼ 1).
Taken together, only a US presentation in the same context as during acquisition and extinction induced reinstatement of the CR in the retention test. This finding supports the idea that reinstatement is context-dependent.
Light as part of the context in reinstatement
In the previous experiment we changed the context by transferring the animals to a gray box, hypothesizing that animals placed in this gray box perceived a different color compared with the experimental setup. Therefore, we next tested whether the color of light illuminating the experimental setup is sufficient to signal a contextual change.
We used light with wavelengths from two sides of the spectrum, specifically lights that appear blue and yellow to humans. In acquisition and extinction (three trials; ITI, 10 min), either the blue (B) or the yellow light (Y) was switched on throughout the trials. After extinction, the blue group and the yellow group were further divided into three subgroups each: One subgroup received the US in the same light (BS+ or YS+), one subgroup received the US in the different light (BD+ or YD+), whereas the remaining subgroup was left untreated (B2 or Y2). Memory retention of all six subgroups was tested in the same light present during acquisition and extinction 2 h, 10 min after the extinction session.
No significant differences between the CRs of the extinction trials in yellow light or in blue light were observed (repeatedmeasurement ANOVA; F (1,221) ¼ 0.82; P . 0.05) (Fig. 4A ). Thus, extinction was not modified by the color of light present during acquisition and extinction. Figure 3 . Context dependency of reinstatement. All groups received one acquisition trial (Acq) and three extinction trials (Ext 1 -Ext 3). In all groups, the percentage of responding animals decreased significantly over these three trials (P , 0.05). One group subsequently received one US presentation alone (arrow) in the same experimental setup (ES+). Another group was transferred into a gray plastic box (different context) and received the US presentation in this box (ED+). The third group did not receive a US presentation following extinction (E2). In the final memory test (Test), significantly more bees of the ES+ group responded to the CS compared with the ED+ and the E2 groups (P , 0.017). ( * ) Significant differences; (E) extinguished; (S) same context; (D) different context; (+) US-only trial; (2) no US-only trial. Bees received one acquisition trial (Acq) and three extinction trials (10-min ITI; Ext1 -Ext3) in the experimental setup illuminated with either blue or yellow light. No significant differences were found between extinction scores in blue and in yellow light (P . 0.05). After extinction, bees treated in one color were further divided into three subgroups. Two subgroups received a US presentation alone (arrow) in the same light (BS+ and YS+) presented during acquisition and extinction. Two subgroups received the US presentation in the color they had not encountered before (BD+ and YD+). The remaining subgroups did not receive any US presentation at all (B2 and Y2). The CR was tested in a final memory test (Test) during which the setup was again illuminated with the colored light already encountered during acquisition and extinction. The retention scores of animals that were trained and extinguished in either blue light or in yellow light were not significantly different from each other in the respective groups (BS+ and YS+, BD+ and YD+, B2 and Y2) (P . 0.05). (B) Results for the pooled groups ES+ (BS+ and YS+), ED+ (YS+ and BS+), and E2 (B2 and Y2): In all three groups, the CR decreased significantly over three extinction trials (P , 0.05). The CR was tested in a final memory test (Test) during which the setup was again illuminated with the light encountered during acquisition and extinction. In the final memory test, CR was significantly different for ES+ compared with ED+ and E2 (P , 0.025). Retention scores at the final memory test were not significantly different between each of the two subgroups experiencing either blue or yellow during acquisition and extinction and the subsequent US presentation in the same color (BS+ and YS+), in the different color (BD+ and YD+), or no subsequent US presentation at all (B2 and Y2) (G-test; G BS+ vs. YS+ ¼ 0.87; P . 0.05, G BD+ vs. YD+ ¼ 1.62; P . 0.05, G B2 vs. Y2 ¼ 0.46; P . 0.05, df ¼ 1). Therefore, the two respective groups (BS+ and YS+, BD+ and YD+, B2 and Y2) were pooled for further analysis, resulting in three groups: ES+ (US presentation in the same light), ED+ (US presentation in different light), and E2 (no US presentation) (Fig. 4B) . In all three groups the CR decreased significantly over the three trials (McNemar; x 2 ES+ ¼ 8.64; P , 0.05, x 2 ED+ ¼ 6.67; P , 0.05 x 2 E2 ¼ 5.88; P , 0.05, df ¼ 1). In the retention test animals from the ES+ group responded significantly more than those from the ED+ group and the E2 group (G-test; G ES+ vs. ED+ ¼ 9.79; P , 0.025 and G ES+ vs. E2 ¼ 9.43; P , 0.025, df ¼ 1). Thus, a US presentation in light that differed from the light presented during acquisition, extinction, and the final memory test, did not result in reinstatement of the CR. This result supports the hypothesis that the color of light illuminating the experimental setup is part of the context in reinstatement.
Light exposure alone does not reinstate the CR
Next we asked whether an exposure to the light alone without a US would in itself lead to the higher proportion of responses in the final memory test. To address this question the previous experiment was repeated, the only difference being that following extinction the animals were placed into the light without presenting the US. As in the previous experiment, the animals were either placed in the same or in a different light compared with acquisition and extinction.
Again, lights of different wavelengths illuminating the experimental setup were used. Acquisition and extinction were conducted in either blue (B) or yellow (Y) light. All animals were subjected to one acquisition trial and three extinction trials with an ITI of 10 min. Afterward, the animals from the blue group and the yellow group were divided into three subgroups each: One subgroup was placed under the same light for one trial 10 min after extinction (BSL or YSL), a second subgroup was placed under a different light (BDL or YDL), while the remaining subgroup (B2 or Y2) was not taken out of the storage box.
The extinction trials of the groups extinguished in yellow or blue light were not significantly different (repeated-measurement ANOVA; F (1,208) ¼ 0.67; P . 0.05) (Fig. 5A ). The retention scores in the final memory test did not differ significantly between the two groups that were put into the same light (BSL and YSL), a different light (BDL and YDL), or that were not taken out of their storage box (B2 and Y2) (G-test; G BSL vs. YSL ¼ 0.01; P . 0.05 G B2 vs. Y2 ¼ 1.68; P . 0.05, G BDL vs. YDL ¼ 1.33; P . 0.05, df ¼ 1). Therefore, the two respective groups (BSL and YSL, BDL and YDL, and B2 and Y2) were pooled for further analysis, resulting in three groups: ESL (extinction, exposure to same light), EDL (extinction, exposure to different light), and E2 (extinction, no exposure to light) ( Fig. 5B) . A significant within-session extinction was revealed in all three groups (McNemar; x 2 ESL ¼ 13.14; P , 0.05, x 2 EDL ¼ 13.14; P , 0.05 and x 2 E2 ¼ 13.47; P , 0.05, df ¼ 1). No differences in CR due to different treatment were observed in the final memory test (G-test; G ESL vs. EDL ¼ 0.13; P . 0.017, G ESL vs. E2 ¼ 0.30; P . 0.017; G EDL vs. E2 ¼ 0.03; P . 0.017; df ¼ 1).
Taken together, a mere exposure to the light experienced during acquisition, extinction, and the subsequent retention test did not reinstate the CR. Hence, it is the US presentation under a certain light, rather than the exposure to the light alone, that is critical for reinstatement in honeybees. To summarize, we dem-onstrated that the color of light is a critical part of the context sufficing to signal a contextual change in reinstatement but does not cause reinstatement in itself.
Discussion
Context-dependent reinstatement in the honeybee
In this study we have demonstrated reinstatement in honeybees. We have shown that the application of one US-only trial presented 10 min after extinction learning leads to the return of the CR when the previously extinguished CS is presented. Furthermore, we have shown that reinstatement is context-dependent: The return of the CR can only be observed when the US-only trial is presented in the context of acquisition and extinction learning. No return of the CR is observed when the US is presented in a different context or when the context is presented alone. Furthermore, we demonstrated that honeybees are able to distinguish a context when the only variable is the light illuminating the experimental setup. We conclude that honeybees perceive this visual stimulation and relate the information to previous experiences. This Figure 5 . Exposure to light alone does not lead to reinstatement. (A) Bees received one acquisition trial (Acq) and three extinction trials (10-min ITI; Ext1 -Ext3) in the experimental setup illuminated with either blue or yellow light. No significant differences were found between extinction scores in blue and in yellow light (P . 0.05). Following extinction, bees treated in one color were further divided into three subgroups. Two subgroups were placed into the same light as during acquisition and extinction for 30 sec (BSL and YSL). Two subgroups were placed into a different light for 30 sec (BDL and YDL). The remaining two subgroups were left untreated (B2 and Y2). In the final memory test (Test), no differences between retention scores were observed between the respective subgroups for the two colors (BSL and YSL, BDL and YDL, B2 and Y2) (P . 0.05). (B) Results for the pooled groups ESL (BSL and YSL), EDL (BDL and YDL), and E2 (B2 and Y2): All groups showed a significant decrease of CR over three extinction trials (P , 0.05). In the final memory test, no differences were detected due to the preceding treatment (P . finding could appear surprising because appetitive conditioning of visual stimuli in harnessed honeybees has proven to be rather difficult and only to some extent possible if the antennae were ablated (Kuwabara 1957; Hori et al. 2006 Hori et al. , 2007 Niggebrügge et al. 2009 ). However, Mota et al. (2011) demonstrated that lights of different wavelengths can be perceived by the honeybee as an occasion-setter, predicting a CS-US or CS-noUS relation although these visual stimuli do not directly trigger a PER. Therefore, Mota et al. (2011) concluded that in honeybees, colors serve as occasion-setters for appropriate odor responding.
Interestingly, the context is also discussed as an occasionsetter in regard to extinction. It has been proposed that the context sets the occasion for the retrieval of a CS-noUS association, i.e., for retrieval of an extinction memory (Bouton and Swartzentruber 1986; Bouton 1993 Bouton , 2004 . This occasion-setting function of the context might be removed by the presentation of the US alone subsequent to extinction, resulting in reinstatement of the response to the previously extinguished CS (Westbrook et al. 2002) .
Nevertheless, it should be noted that an occasion-setting function of the context acquired during extinction is only one of the hypotheses regarding the context's role in extinction and reinstatement. Rescorla (1979) proposed that extinction increases the threshold for the CR because the extinction-associated context becomes inhibitory (Rescorla and Cunningham 1977; Rescorla 1979) . During reinstatement, the US presentation in the same context might weaken this inhibition and reestablishes a response to the extinguished CS (Westbrook et al. 2002) . Additionally, Westbrook et al. (2002) discussed that the context might serve as a link between the CS and the US. He suggested that the context has already been associated with the CS during extinction. This association of the context with the US leads to a reassociation of the CS with the US when it is presented during reinstatement (Westbrook et al. 2002) .
Accordingly, although it has long been known that reinstatement is context-dependent (i.e., Bouton and Bolles 1979; Westbrook et al. 2002) , the precise mechanism underlying the context dependency of reinstatement still remains to be clarified, not only in honeybees but also in vertebrates.
Reinstatement and the adaptation to varying food sources
Our findings of reinstatement together with previous findings of spontaneous recovery in honeybees (Bitterman et al. 1983; Sandoz and Pham-Delegue 2004; Stollhoff et al. 2005 ) support the notion that in honeybees the original CS -US association is not lost through extinction. Rather, a second CS -noUS trace is formed during extinction learning that suppresses the expression of the original memory.
In the honeybee, the formation of these two opposing memories might play a role in foraging, when bees have to adapt their behavior toward variable food sources (Eisenhardt 2012) . Honeybees shift toward a different nectar source when they experience the decline or even failure of the nectar source currently visited (Greggers and Menzel 1993; Greggers and Mauelshagen 1997) . This resembles extinction learning and the formation of an extinction memory. Also, however, flowers that provided nectar before but are no longer doing so might still constitute an important, although highly variable, nectar source. Therefore, a memory about the previously experienced association between the flower stimuli, e.g., their odor, and the nectar puts the bee in a position to again search for nectar at these flowers. But as long as this memory is suppressed by the extinction memory, the bee might not again approach the respective food source. A signal that the food source is again providing nectar might be the experience of nectar in the extinction context. This might re-instate the initially learned association and leads to renewed foraging at the previously extinguished food source.
In harnessed honeybees we have demonstrated that the color of light illuminating the experimental setup suffices to indicate a contextual change relevant in reinstatement. In free-flying honeybees the equivalent of light illuminating the experimental setup might be the color of the natural sky light (Pauers et al. 2012) or the color of a flower currently visited by the bee. Hence, both might be components of the context playing a crucial role in reinstatement of free flying honeybees.
Taken together, we propose that in free flying honeybees reinstatement could be a mechanism that regulates an animal's behavior toward a constantly changing environment by ensuring the retrieval of a memory that is relevant in the animal's current situation.
Evolutionary conservation of extinction
Extinction is discussed in conjunction with possible treatments for disorders such as anxiety disorders, post-traumatic stress responses, and drug addiction (e.g., Schiller et al. 2008; Peters et al. 2009; Holmes and Quirk 2010; Quirk et al. 2010; Duka et al. 2011; Kaplan et al. 2011) . Therefore, an understanding of the mechanisms of memory formation and retrieval is particularly important. Accordingly, the mechanisms of extinction are to date predominantly studied in vertebrate model systems, such as mice and rats, or in humans (Graham and Milad 2011) . However, besides the honeybee, extinction has also been described in several invertebrate species, such as the crab Chasmagnathus (Tomsic et al. 1998) , the crayfish Orconectes rusticus (Nathaniel et al. 2009 ), the pond snail Lymnea stagnalis (Sangha et al. 2002) , and the fruit fly Drosophila melanogaster (Lagasse et al. 2009; Qin and Dubnau 2010) . Interestingly, reinstatement and spontaneous recovery have also been demonstrated in several invertebrate organisms, i.e., Orconectes rusticus, Lymnea stagnalis, Chasmagnathus, and Apis mellifera (Sangha et al. 2003; Sandoz and Pham-Delegue 2004; Stollhoff et al. 2005; Carter et al. 2006; Merlo and Romano 2008; Nathaniel et al. 2009; Hepp et al. 2010) . These findings suggest that extinction learning and the formation of two opposing memories about the same stimulus are evolutionarily very old mechanisms. Because of its evolutionary conservation, the ability for extinction learning and the formation of extinction memories is crucial for the survival of animals, guaranteeing flexible behavior toward ongoing environmental changes.
Interestingly, although the ability for extinction learning seems to be evolutionarily conserved in both vertebrates and invertebrates, their respective brain architectures are fundamentally different. This suggests that the ability for extinction learning is not rooted in the specific brain architecture but might be a general feature of the nervous systems. A comparative approach to understanding the common mechanism underlying extinction learning in both vertebrates and invertebrates might therefore be a key to solving the question of how two memory traces about an opposing meaning of the CS formed after extinction learning interacts during memory retrieval.
Materials and Methods
Animals
For all experiments, honeybees were caught when leaving hives located near the laboratory buildings of the Institute of Neurobiology, Freie Universität Berlin. All animals were immobilized on ice and harnessed in plastic tubes. Afterward, all bees were fed with 4 mL of 30% sucrose solution.
Seventeen hours and 40 min + 10 min before the beginning of the experiment, the bees were fed ad libitum with 30% sucrose solution. Overnight and between the single parts of one experiment, the bees were kept in a dark, humid storage box. (Felsenberg et al. 2011 ).
Odor stimulation
An olfactometer was used in all experiments. Two constant airstreams were provided by an aquarium pump (seliger GmbH) and regulated by flow tube meters (Aalborg Instruments and Controls, Inc.). The main airstream was set to 2 L per min and led into a metal tip via Teflon and silicon tubes (CARL ROTH GmbH & Co. KG; Supelco, Sigma-Aldrich). The second odordelivering airstream was set to 240 mL per min and regulated by a three-way valve (The Lee Company). Via the valve, the airstream could be directed through an odor-containing syringe or an empty syringe. The odorized or odorless airstream was thereby added to the main airstream directed to the bee. The valve was connected to a computer (relay board and an AC/DC converter box, both: BMC Messsysteme GmbH). Odor delivery was timed with a script (by Tilman Franke, modified) written in AutoHotKey (Free Software Foundation, Inc.).
Every day the odor syringe was loaded with 4 mL of clove oil (Bombastus-Werke AG) on a round filter paper of 1 cm in diameter (MACHERY-NAGEL GmbH & Co. KG). An exhaust located behind the bee immediately removed odors delivered to the bee during the experiments.
Behavior
Behavioral experiments were carried out according to Felsenberg et al. (2011) . In brief, during acquisition, one conditioning trial (CS-US pairing) lasted 30 sec: 10 sec before odor onset, an animal was placed into the experimental setup (placement). The CS (odor) was presented for 5 sec. Three seconds after the CS onset, the US (sucrose solution, 1.25 M) was applied to the antennae with a wooden toothpick. After extension of the proboscis, animals were allowed to lick the sucrose. US presentation to antennae and proboscis lasted 4 sec. For the remaining 13 sec, the animal was left undisturbed in the experimental setup.
During extinction, one extinction trial consisted of a 10-sec placement and a CS-only presentation for 5 sec. Afterward, the animal remained in the experimental setup for another 15 sec. Extinction took place with an intertrial interval of 10 min.
One US-only trial consisted of a 13-sec placement and a presentation of the US-alone to the antennae of an animal. After extension of the proboscis, the animal was allowed to lick the sucrose solution. US presentation to antennae and proboscis lasted 4 sec. After 13 sec, the animals were taken out of the experimental setup.
During the final retention test, the CS alone was presented for 5 sec after 10 sec of placement.
Extension of the proboscis (PER) during placement or to the CS was noted. To be included in the analysis, animals had to show the unconditioned PER to all sucrose stimulations during the experiment and in a final test at the end of the experiment.
Light as a context
To test context dependency with lights, two LED spots (LED Module Alustar 3 W 30˚, LEDxON GmbH), one with l ¼ 472 nm and one with l ¼ 597 nm, were fixed 25 cm above the bee in the experimental setup. To characterize the lights, normalized irradiance curves measured with a fiber optic spectrometer (USB2000, Ocean Optics, Inc.) were plotted (Fig. 6) .
The light was diffused with a translucent tracing paper fixed 5 cm above the bee (modified from Hori et al. 2006; Mota et al. 2011) . To block most of the daylight coming through the windows, the whole setup was covered.
Data analysis
In order to determine significant within-session extinction, the McNemar test (STATISTICA 8, StatSoft Inc.) was used comparing the first with the last extinction trial. Difference over three extinc-tion trials in blue vs. yellow illumination was tested with a repeated-measurement ANOVA, which can be used for dichotomous data under certain conditions and which has been shown by Monte Carlo simulations (Lunney 1970) . Statistical differences between the groups in the final memory test were analyzed by means of a G-test (log likelihood ratio for contingency tables) (Zar 1984) , corrected with Bonferroni correction if applicable. The G-test was also used to test for differences between groups of animals that received the same experimental protocol but with different lights (blue or yellow) illuminating the experimental setup. The respective groups were pooled if no statistical difference (P . 0.05) could be observed. Figure 6 . Normalized irradiance levels of blue and yellow lights. The maximum irradiance level measured behind translucent paper was detected at 472 nm for blue light (dashed line) and at 597 nm for yellow light (dotted line). 
